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Recent studies demonstrated that cytosine methylation in the genome can be reversed without DNA replication by
enzymatic mechanisms based on base excision-repair pathways. Both enzymatic methylation and demethylation
mechanisms are active in the cell nucleus at the same time. One can hypothesize that the actual level of CpG methylation
could be the result of a balance between the two antagonistic processes with a rapid turnover. In the present study,
we used mass spectrometry to measure the total methyl-cytosine content of the genome in cultured human cells after
short incubation with the known methyltransferase inhibitor 5-deoxy-azacytidine. A significant decrease of the DNA
methylation was observed. Indeed, the inhibition of the methylation can only result in a rapid reduction of the overall
methyl-cytosine level if the process of demethylation is simultaneous. These observations suggest that the enzymatic
mechanisms responsible of the opposing reactions of DNA methylation and demethylation act simultaneously and
may result in a continuous and rapid turnover of methylated cytosines. This conclusion is supported by the observation
that 5-deoxy-azacytidine was incorporated in the genomic DNA of non-dividing cells and could be detected as soon
as after two hours of incubation, hence providing a mechanistic explanation to the inhibition of methyltransferases.
The observations are compatible with the idea that the enzymatic mechanisms that bring together of the opposing
reactions of DNA methylation and demethylation act simultaneously and may result in a continuous and unsuspected
rapid turnover of DNA methylation. This conclusion is at odds with the generally accepted view of high stability of
cytosine methylation where the role of enzymatic demethylation is considered as limited to some special situations
such as transcription. It places DNA methylation in the same category as other epigenetic modifications with covalent
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modifications dynamically added to and removed from the chromatin with high turnover rate.

Background

Methylation of the genomic DNA is one of the key epigenetic
mechanisms involved in the regulation of the chromatin struc-
ture in ecukaryotic cells. Gene expression and inactivation,
recombination and replication of the genome are all dependent
on the chromatin structure, hence influenced by DNA methyla-
tion. The enzymatic mechanisms of DNA methylation are fairly
well characterized. Most of the methylation is found on cytosines
in CpG dinucleotides. The methylation reaction of the cytosines
is performed by a family of methyltransferase enzymes. DNMT1
is the main enzyme that is present in virtually all cell types ana-
lyzed and responsible for the maintenance of methylation. The
other members of the DNMTT1 enzyme family are involved in
de novo and maintenance methylation in various cell types and
physiological conditions.

Until recently, CpG methylation has been viewed as a stable
epigenetic modification that could only be reversed passively,
over several cell cycles, by the effect of dilution in the absence of
maintenance methylation (reviewed in ref. 1). For a long time,
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the possibility of enzymatic demethylation was considered con-
troversial because of the absence of reproducible experimental
evidence.”® This situation has recently changed. An increas-
ing number of reports revealed that cytosine methylation can
decrease rapidly in the genomic DNA under the action of enzy-
matic mechanisms without DNA replication. Demethylation of
gene promoters,* plasmid constructs,” imprinted gene sequences®
or of the whole genome” has been described. More detailed stud-
ies have shown that cyclic DNA demethylation/methylation may
occur during gene transcription.>®” Several recent studies on the
molecular mechanisms of enzymatic demethylation in animals
and plants have revealed the direct involvement of DNA repair
mechanisms, mainly base excision-repair pathways that act by
replacing the methylated cytosine into a non-methylated.!
Although different cell types may use different mechanisms, it
is likely that one or several of these mechanisms are permanently
active in the cell nucleus. The simultaneous presence of DNA
methylating and demethylating enzymatic mechanisms within
the same nucleus raises the possibility that the methylation pat-
tern of any sequence at any moment reflects the actual balance
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Figure 1. (A) Mass spectrometry detection of the mC content in the
genomic DNA. Different peaks on the MRM scan represent different
transitions of the related different compounds. The smallest peak
corresponds to methyl-cytosine. The insets on the right side show the
higher magnification of the four peaks. (B) Reproducibility of the mea-
surement. The same DNA preparation was divided into 12 fractions and
each fraction was measured 3 times.

of the two opposing processes.®® Although this hypothesis is
usually not considered, in the light of the recent progress in the
characterization of active demethylation mechanisms we felt nec-
essary to formally examine its validity using a direct approach.
We measured the 5-methyl-cytosine (mC) content of the genome
with high precision before and after a short-term inhibition of
the DNA methyltransferases by deoxy-azacitidine (5-Aza-dC)
in non-dividing cells. If the working hypothesis is correct, the
inhibition of DNA methyltransferases should lead to a detectable
decrease of the overall methyl-cytosine level. The results show
that this is indeed the case.

Results and Discussion

First, we set up a new mass spectrometry-based method for the
measurement of the total methyl-cytosine content of the genome.
We used formic acid hydrolysis followed by nucleobase detection.
The resulting nucleobases were analyzed by MS (Fig. 1A). The
precision and reproducibility of the method was determined by
the analysis of 12 independent fractions of the same genomic
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Figure 2. (A) Upper part: Flow cytometric cell cycle analysis of a typical
CHQ-HT cell culture used in this study. Note the low (2.2%) proportion
of cells in S phase. Lower part: Flow cytometric cell cycle analysis of
BrDU incorporation in HepG2 cells at high confluence used in this study.
6.5% of cells are in S phase. (B) Decrease of the methyl-cytosine content
in the genomic DNA of the myogenic (CHQ-HT) cells treated with

100 M of 5'-Aza-dC for 1 and 2 h and 10 wM for 2 h compared with
untreated or 48 h treated cells. (*) indicates significant difference

(p < 0.05). (C) HepG2 cells treated with 10 wM of 5'-Aza-dC for 2 h.

DNA preparation. Each fraction was measured three times. The
measurement produced highly reproducible results with a coef-
ficient of variation o/ = 0.0227 (Fig. 1B). When DNA sam-
ples isolated from 12 independent cell cultures were processed
together the coefficient of variation varied typically between o/
=0.08 t0 0.06 indicating that most of the variation was due to the
differences between the cultures and/or the DNA extraction pro-
cedure. The high precision and sensitivity of our method makes
it suitable for the detection of very small differences in the total
methyl-cytosine content between two samples that remain unde-
tectable by any other method.

Next, we have analyzed the effect of a short 5-Aza-dC treat-
ment on the overall mC content in the genome. First, we used
a myogenic cell line of human origin (CHQhT)." In order to
decrease the potential contribution of passive demethylation dur-
ing DNA replication to the final result we reduced the proportion
of cells in S phase by allowing the cultures to grow to close to
100% confluence. The CHQT cells have the property to exit
the cell cycle to G, phase at confluence and enter the myogenic
differentiation phase. Indeed, the cytometric analyses showed
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that only 2-3% of the cells were in S phase (Fig. 2A). The cells
were treated with 5-Aza-dC for 2 h at the concentration of 10 or
100 M. The mC/C ratio was determined in the genomic DNA
of the cells. The total mC content in normal cells was between
3.5 to 4% of the total C content. After only 2 h of 5-Aza-dC
treatment this ratio decreased in both cell types by around 10%
(Fig. 2B). Such a decrease cannot be the consequence of a pas-
sive DNA demethylation during DNA replication since only an
insignificant fraction of the cells was in S phase (see estimations
of the passive demethylation below).

In order to verify that the observed 10% decrease is not a spe-
cific feature of the myogenic cell line, we repeated the analysis in
confluent HepG2 cells. Since this is a cancer cell line, the propor-
tion of the cells in S phase was expected to be higher than in the
myogenic cells. We have quantified this fraction by measuring
BrdU incorporation and the DNA content. We found that 6.5%
of the cells were in S phase at 95% of confluence (Fig. 2A). The
cells were treated with 5-Aza-dC as above. The result of the mC
content measurement was very similar seen in the myogenic cells:
a 2 h treatment with 10 pM of 5-Aza-dC resulted in approxi-
mately 10% decrease in the mC content of the genomic DNA
(Fig. 2C).

5-Aza-dC is a cytidine nucleoside analog that acts on DNA
methyltransferases only after incorporation into the DNA.!*!
Therefore, we investigated if the presence of the inhibitor can
be detected in the genomic DNA after a short treatment. A con-
fluent culture of HepG2 cells was treated with tritiated 5-Aza-
dC(6-3H) either for 2 or 48 h. DNA was prepared from the cells
and the incorporated radioactivity was measured. As shown on
Figure 3, the genomic DNA showed a significant incorporation of
the radiolabeled inhibitor even after 2 h. Importantly, the incor-
poration of the radiolabeled 5-Aza-dC was proportional with the
duration of the incubation and reached a one order of magnitude
higher level after 48 h compared with the 2 h treatment.

The work presented here aimed to test the hypothesis that the
actual level of DNA methylation is the result of a balance between
the rapidly and simultaneously acting methylating and demeth-
ylating enzymatic activities in the absence of DNA replication.
The most straightforward way to do this is to inhibit one of these
activities and assess the effect on the final balance. If the hypoth-
esis of rapid methylation turnover is correct, the inhibition of the
maintenance methylation should lead to a decrease of the total
genomic mC content. Such decrease was indeed observed. We
used 5-Aza-dC, a well-known DNA methyltransferase inhibitor
to block DNA methylation. As short as 2 h of treatment was suf-
ficient to generate a significant decrease in the mC/C ratio in
two different cell types. It is unlikely that this decrease resulted
from the incorporation of 5-Aza-dC into the replicating DNA.
Assuming that the 5-Aza-dC treatment is 100% efficient in
inhibiting the maintenance methylation, the contribution of the
passive demethylation to the decrease in mC/C ratio can be esti-
mated as follows: if all cells were in S phase and the S phase
is 10 h long, then after 2 h the overall decrease in mC content
due to the absence of maintenance methylation would be 20%
in the whole population. However, only 2.5% of CHQIT cells
and 6.5% of HepG2 cells are in S phase under our experimental
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Figure 3. Incorporation (cpm) of radio labeled 5-Aza-dC(6-3H) in the
genomic DNA of HepG2 cells after 2 h and 48 h treatment.

conditions. Therefore, passive demethylation can occur only in
these cells and its contribution to the decrease in mC content
of the whole cell population including the cells that are in G,
G, or M phase is around 0.5 and 1.3% in CHQhT and HepG2
cell respectively. However, the detected decrease in the mC con-
tent of the genome was approximately 10% in both cell types.
This is significantly higher than what could be explained by pas-
sive demethylation. Interestingly, the observed decrease was very
close to that obtained after 48 h treatment suggesting that the
new dynamic equilibrium between demethylation/methylation is
reached rapidly. It is possible is that stronger overall loss of meth-
ylation or demethylation may not be tolerated by the cells. This
idea is supported by the observation that after 4 d of 5-Aza-dC
treatment non-genic regions undergo stronger demethylation
than genic ones."

The action of 5-Aza-dC on DNA methylation is based on
its incorporation into the DNA during the replication.''® The
incorporated nucleoside analog covalently binds the DNMT
molecule resulting in depletion of the methylating enzyme activ-
ity in the nucleus® that leads to the reduction of the overall mC
level in the genome. Growing evidence suggests that very rapid
enzymatic demethylation of DNA is possible in the absence of
replication by the action of base excision and/or nucleotide exci-
sion repair mechanisms (reviewed in ref. 1). In all cases the origi-
nal methylated cytosine is replaced by an unmethylated by the
action of DNA repair polymerases and ligases. Our observations
of the incorporation of the 5-Aza-dC into the genomic DNA
even after 2 h incubation suggest that the short-term action of
the inhibitor may be mediated by a similar mechanism of action
based on the replacement of the methyl-cytosines presumably by
the action of excision/repair mechanisms even in the non-repli-
cating genome. Contrary to the decrease of the mC content of the
genomic DNA, the incorporation of the 5-Aza-dC is proportional
with the incubation time. This suggests that the incorporation of
the 5-Aza-dC is a continuous process that occurs independently
of the inhibition of DNA methyltransferases and unmethylated
cytosines can also be replaced.

Since we measured the global mC content on the whole genome,
it is impossible to deduce on the exact nature of sequences that
are subject to demethylation. As an enzymatic process involving
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interactions with the DNA, the rate of demethylation/methyla-
tion also have to depend on the accessibility of the DNA, mainly
of the chromatin structure. Therefore, coding and non-coding
sequences, actively transcribed or silenced regions are expected
to have a different rate of mC/C exchange. Indeed, it has been
shown that active demethylation can be linked to transcriptional
activity.”®® Actively transcribed genomic regions are certainly
more accessible to the action of enzymes, including those that
catalyze demethylation. However, gene promoters, enhancers
and high CpG density regions (islands) are usually unmethyl-
ated; it is unlikely therefore that transcriptional activity over
these regions can account for the demethylation of 10% of all
methylated cytosines in the genome.

The presented observations are consistent with the idea that
the enzymatic mechanisms that bring together of the opposing
reactions of DNA methylation and demethylation act simultane-
ously and may result in a continuous and unsuspected rapid turn-
over of DNA methylation. More importantly, these observations
cannot be explained on the basis of the prevailing view on DNA
methylation that links enzymatic demethylation to some specific
event triggered by specific signals. Although this finding might
be surprising at the first glance, we should note that all other epi-
genetic marks are also dynamically added to and removed from
the chromatin with high turnover rate. Altogether the results
reported here suggest that DNA methylation behaves similarly to
other epigenetic modifications rather than having very different
stability.

Materials and Methods

Cell culture. Two different human cell lines were used: a myo-
blast cell line, CHQhT" and HepG2 cells. CHQhT cells were
cultured in F-10 (Gibco) supplemented with 20% of heat-inac-
tivated fetal bovine serum. HepG2 cells were also cultured in
D-MEM (Gibco) supplemented with 10% of heat-inactivated
fetal bovine serum, 100 IU/ml penicillin and 100 mg/ml strepto-
mycine (Gibco). The cells were incubated at 37C°, 95% air and
5% CO, and grown to over 90% confluence. 5-Aza-dC (Sigma)
was solubilised in water at a stock concentration of 10 mM and
stored at -80C° before use. 5-Aza-dC (10 wM) was used for 2 h
treatment in the same medium. Mock-treatment with an identi-
cal volume of water was used as a control. After treatment cells
were frozen at -80°C until DNA extraction.

Cell cycle analysis by flow cytometry. CHQT cells were cul-
tured as described above until over 95% of confluency then har-
vested. 1 x 10° cells were washed in PBS, resuspended in 100 pl of
PBS, and 1 ml of 70% ethanol was added. Cells were then stored
at -20°C until analyzed. For analysis, cells were washed twice in
PBS and then resuspended in fresh 1 ml of PBS containing 0.1
mg/ml propidium iodide (Invitrogen) and 0.25 mg/ml RNase
(Sigma). Following incubation for 15 min in dark, cells were ana-
lyzed by flow cytometry for propidium iodide fluorescence.

For BrdU incorporation analysis the cells were cutured for
15 min in 10 mM BrDU (Sigma) then harvested and fixed in 70%
ethanol. The cells were permeabilized with 2 N HCl/0.5% Triton
X-100 for 30 min, neutralized in 0.1 M Na Tetraborate pH 8.5
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for 1 min, stained with anti-BrDU-FITC antibody for 30 min in
100 pl of PBS/0.5% Tween 20/1% BSA/1 pl for BrDU detection,
incubated with propidium iodide and analyzed by flow cytometry.

DNA treatment for the analysis of the 5-methyl-cytosine
(mC) content. DNA from the cultured cells was prepared using
Nucleospin genomic DNA extraction kit (Clontech) according to

the protocol provided by the manufacturer. In order to eliminate
all contaminating RNA, the DNA was digested with RNase A.

Sample Preparation and HPLC-MS Measurements

We hydrolyzed the genomic DNA to nucleobases by chemical
means using formic acid as described previously.'® Briefly, 100 .l
of formic acid (100%) was added to 20 pl of samples and pipet-
ted into a 2 ml glass vial. The tightly crimped vial was kept at
130°C for 90 min. After nitrogen evaporation the samples were
reconstituted in 100 pl of 10 mM ammonium-formate solution
and pipetted to a 200 pl microvial. To optimize the MS proce-
dure (3200 QTrap) chemical standards were used for cytosine
(C), methyl-cytosine (mC), adenine (A).

Perkin Elmer Series200 system (consisting of binary pump,
autosampler and column oven) was used for separation.
Ten millimolar ammonium formate (eluent A) and acetonitrile
(eluent B) was used for separation using gradient elution: A/B
90/10(1)-1-80/20-2-50/50(1.5)-0.5-10/90(2)-1-90/10(5). The
flow rate on the RX-Sil column was 1 ml/min. Twenty microli-
ters of samples were injected. The oven temperature was 60°C.

For mass spectrometric measurements TurboV electrospray
source was used in positive ion detection mode. Spray voltage
was 5,000 V, evaporation temperature: 500°C, curtain, evapo-
ration and drying gases were 25, 50 and 50 instrument units,
respectively. 150 msec dwell time and 5 msec pause times were
used for each MRM transitions. Collision energy was set to 30eV.

Incorporation of radiolabeled 5-Aza-dC into the genomic
DNA. Tritiated 5-Aza-dC(6-3H) (1 mCi/ml, 20.6 Ci/mmol,
11.1 pg/ml) was purchased from Moravek Biochemicals, Inc. The
HepG2 cells were incubated with labeled 5-Aza-dC at 7.5 uM or
1 wM concentration for 2 or 48 h, respectively. Genomic DNA
was prepared and treated by RNase to eliminate co-purified
RNA as described above. The radioactivity incorporated into the
DNA was measured in a Beckman scintillation counter.

Statistical analysis. One-tailed t-test was used to compare mC
content in treated cells and the control.
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